Abstract-In this paper, a 6-10-GHz ultrawideband (UWB) directional reduced-size wide slot antenna (RWSA) for on-body wireless communications is proposed and investigated. The RWSA is designed to be narrow in width and can be mounted on the side of a wireless device. When a side-mounted RWSA is worn on a body, the antenna boresight is naturally directed along the body surface, and most of the energy can be efficiently transmitted by direct or diffracted waves. Consequently, the on-body channel performance can be effectively improved. After a series of on-body channel measurements, the results show that, with the side-mounted RWSAs, the path loss is significantly improved (greater than 20 dB) compared with the results of previous studies, and the sensitivity of the channel to the human body and environment is effectively lessened. An approach to estimate the variation range of path loss in real environments is also proposed at the end of this paper.
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In on-body communications, the presence of the body strongly influences various antenna characteristics, primarily the impedance matching and radiation pattern. Particularly, the antenna radiation pattern determines the dominant propagation mode and path, consequently strongly influencing the channel performance (such as path loss and sensitivity to the environment).
Therefore, the antenna used in on-body communications is crucial, and designing an efficient on-body antenna is challenging. The primary purpose of this study is to develop a UWB antenna, which is less sensitive to the human body, can effectively minimize path loss and influences from the environment, and can be easily integrated into wireless devices. Finally, it is expected to improve the on-body channel performance with the developed antennas.
Several types of UWB antennas have been proposed for on-body research in previous studies. In [7] , textile antennas operating over the entire UWB were reported. The antennas can be directly integrated into clothing and have excellent transient characteristics. Monopole-like antennas that exhibit omnidirectional patterns are appropriate for use in on-body wireless links when the antennas are positioned perpendicularly to the body surface. However, this type of antenna is too large for practical implementation. In [8] , a low-profile inverted truncated annular conical dielectric resonator antenna (DRA) with wide bandwidth and stable monopole-like patterns was proposed. The low-profile feature enables the DRA to be potentially useful in on-body applications. Goto and Iwasaki [9] proposed a finger-ring UWB monopole antenna; this novel, wearable antenna may increase the diversity of wireless applications. Loop antennas can also be applied to BANs. Yazdandoost and Hamaguchi [10] proposed a small loop antenna printed on a silicon substrate; the antenna is small enough to be fit into medical BAN devices. The effects of human body tissues on the loop antenna were also analyzed.
If the feasibility of integrating antennas into modern commercial wireless devices is considered, printed planar antennas are preferred because of their low form factor and ease of fabrication. Several UWB planar antennas have been used in on-body studies [11] [12] [13] [14] [15] [16] [17] ; however, because of their large sizes, the antennas were worn parallel, rather than vertically, to the body during measurements. In this mounting configuration, the body blocks one side of the radiation of any omnidirectional planar antenna. The resultant radiation pattern is directional and the direction of the main beam is oriented outward from the body [16] . For a directional planar antenna, the body may not have strong influence to its patterns [17] , but the boresight is still aimed outward from the body. Therefore, when any antenna used in [11] [12] [13] [14] [15] [16] [17] is employed in on-body communications, most energy radiates away from the body. This results in a high path loss because the direct EM energy transmission along the body surface (shortest distance between the antennas) is relatively small. Furthermore, channel performance could be sensitive to the environment because signal transmissions highly rely on the reflections of nearby scatterers. If any of these antennas is mounted on the front of a device, the device would alter the antenna characteristics, similar to the way the body does.
Chahat et al. [18] proposed a compact planar UWB monopole antenna. This small antenna can be placed perpendicularly to the body, which can effectively reduce the influence that the body exerts on the antenna. Consequently, satisfactory on-body propagations were obtained using this antenna. However, if this compact antenna is integrated into a wireless device, its characteristics would be strongly influenced by the device because there is no shield between the antenna and the device.
Compared with the previous studies, one distinct motivation in this paper is that the goal is to develop an antenna that is suitable for integration in commercial products. Directional planar antennas are preferred in this research because they exhibit lower susceptibility to influences caused by their backside objects, compared with omnidirectional planar antennas. Then, the most important issue becomes that of designing a directional planar antenna which is appropriate in size and works efficiently.
In this paper, a directional reduced-size wide slot antenna (RWSA) is proposed; its narrow width allowed it to be mounted on the side of a wireless device. When a side-mounted RWSA is worn on a human body, the antenna is positioned perpendicularly to the body, and the antenna boresight is naturally directed along the body surface, allowing more electromagnetic (EM) energy to be transmitted along a direct path. Consequently, using side-mounted RWSAs can achieve highly efficient on-body communications. Furthermore, a side-mounted RWSA may not increase the device's thickness, and there is an extra advantage. Most modern wireless devices generally have a large front display. A side-mounted antenna is favorable because it requires less space on the device front.
A distinct feature of the proposed RWSA is that a reflector and a folded ground are introduced to enhance the impedance bandwidth. A wide impedance bandwidth ( 10 dB) over the frequency range of 6-10 GHz is achieved. After a series of on-body channel measurements, the results show that, with the fabricated RWSAs, the channel performance can be substantially improved.
In this paper, Section II presents an introduction of the RWSA design. Section III presents the measured characteristics of a fabricated RWSA. Finally, Section IV presents a description of on-body channel measurements and their results. In this section, a measurement approach is proposed that can estimate the variation range of channel path loss in real environments. This approach provides an effective measure for comparing the performances of antennas.
II. ANTENNA DESIGN
The idea of side-mounted antenna is promising. However, designing a directional planar antenna with a narrow width and simultaneously achieving a predetermined goal of impedance Table I ).
bandwidth (6-10 GHz) is challenging. Among wideband planar antennas, the concept of wide slot antenna (WSA) was chosen because of the following reasons. First, the impedance bandwidth can be enhanced with a fork-like tuning stub [19] , and achieving UWB bandwidth has been reported [20] , [21] . Second, the radiation pattern can be modified from omnidirectional to directional by introducing a reflector [22] . Third, the antenna exhibits stable gain patterns and good time-domain responses [23] .
Nevertheless, conventional WSAs are too large to be side-mounted. If the antenna width is shortened directly, the impedance matching will be severely deteriorated; solving this problem is the primary challenge in the antenna design.
The structure of the proposed RWSA is shown in Fig. 1 . The antenna is printed on a 0.813-mm-thick Rogers RO4003 substrate with a dielectric constant of 3.38. The wide slot is fed by a coplanar waveguide (CPW) with a fork-like tuning stub. A CPW feeding structure was chosen because of easier fabrication. As mentioned above, shortening the antenna width directly will cause the loss of wide impedance bandwidth. For an RWSA, a 6-10-GHz bandwidth is not obtainable by simply tuning the dimensional parameters shown in Fig. 1(a) . The key in this design is introducing a reflector and an extended folded ground into the antenna, as shown in Fig. 1(b) . The original function of the reflector is to block the backward radiation and, therefore, reduce the interaction between the antenna and its backside objects (e.g., the user's body or electronic devices). However, the input impedance of a WSA is strongly influenced by introducing a reflector, especially when the spacing between the antenna element (fork-like tuning stub and ground) and the reflector is small (such as 10 mm). Typically, adding a reflector to a matched WSA degrades its impedance matching [22] . However, in this study, in addition to blocking the backward radiation, the reflector is also used to transform the input impedance of a poorly matched shortened WSA. With appropriate design, the originally poor impedance matching could be significantly improved. Moreover, a larger ground could also enhance the impedance bandwidth. To avoid enlarging the antenna size, a folded ground is introduced to the antenna. Simulated results (with CST Microwave Studio) demonstrate how the reflector and the folded ground improve the impedance bandwidth, as shown in Fig. 2 . Without the reflector and the folded ground, the reflection performance is poor (No_Rft_No_FG). After placing a reflector at a distance of 7 mm, the impedance bandwidth of the antenna is significantly improved (7 mm_Rft_No_FG). If a folded ground is added, the impedance bandwidth is further enhanced (7 mm_Rft_with_FG). The bandwidth improvement is due to two resonances introduced by the reflector and the folded ground.
The antenna element is printed on the side facing the reflector so that the substrate can prevent the antenna element from being touched by objects, such as fingers. In Fig. 1(b) , the substrate is set to be transparent to visualize the antenna element.
In addition to introducing the reflector and the folded ground, more elaborate design was required to achieve a wide impedance bandwidth. During the design process, the antenna length (L) was fixed, and the antenna width (W) and the slot width (SW) were gradually reduced. After the predetermined 6-10-GHz impedance bandwidth was achieved at a selected width (W or SW), the width was then reduced by 1 mm, and the next design process was carried on. This procedure explains why a predetermined impedance bandwidth is required. All of the dimensional parameters shown in Table I have influences on the impedance matching. Among the parameters, the slot length (SL), the fork-like stub length (FL), the spacing (SP), the folded ground width (FGW), and the stub branch section length (SBL) are critical; thus, these parameters are discussed in the following paragraphs. The remaining parameters were determined after several preliminary simulations and kept invariant throughout the design process.
In the following analyses, the dimensional parameters were properly selected to obtain two resonance frequencies. Subsequently, the value of one selected parameter was varied to investigate its influence on the reflection coefficients ( in decibels). results are reasonable because the radiation of the antenna is mainly controlled by the fork-like stub and the slot. As these elements are smaller, it is predictable that the resonance frequency will be higher. The lower resonance frequency is not sensitive to the SL or FL. Therefore, shortening the SL or FL might cause the two resonance frequencies to be separated excessively, and that could result in higher S11 at the frequencies between the two resonance frequencies, for example, frequencies near 7.5 GHz in Fig. 3(a) . In addition, operating frequencies higher than 10.6 GHz are not desired because using these frequencies is not allowed without a license. Therefore, the SL and FL cannot be too short. Fig. 3(c) shows the effect of varying the SP. It is found that reducing the SP also shifts the upper resonance frequency higher. Smaller SP is preferred because the thickness of the antenna can be reduced. However, when the reflector is moved closer to the antenna element, the impedance bandwidth becomes narrower. This might be because the increased capacitance leads to more energy stored in the antenna, which increases the quality factor of the antenna. By contrast, increasing the SP reduces the effect of the reflector and the impedance matching becomes poorer, as shown in Fig. 3(c) (SP 14 mm) . Fig. 3(d) shows the effect of varying the FGW. As the FGW increases, the lower resonance frequency shifts lower. This implies that larger ground could allow resonance at lower frequencies. It is also observed that the upper resonance frequency is not sensitive to the FGW, which is different from the effects by varying the SL, FL, or SP. Increasing the FGW also causes larger separation between the two resonance frequencies, and the matching at the frequencies between the two resonance frequencies becomes worse. The folded ground must not contact the reflector; the condition FGW SP must be met. This could be solved with a multifolded ground, at the cost of increasing the complexity of the antenna. For an open stub, the first maximum reactance occurs when the length of the stub is equal to 1/4 wavelength of the operating frequency, and the reactance gradually reduces as the stub length reduces. If an antenna is initially far from matching, introducing a large reactance might be necessary to transform the input impedance. Fig. 3(f) shows the effect of varying the SBL with a Smith chart (from 4 to 10 GHz). It can be seen that increasing the SBL can effectively transform the input impedance closer to the center (matching) at higher frequencies. For lower frequencies, the SBL is relatively short if compared with the wavelength; thus, the effect of the branch sections is not significant. In this design, the final selected SBL is 3.9 mm, which is near, but shorter than of 10 GHz. Shortening the antenna width will also shorten the SBL. Consequently, the reactance introduced by the shortened branch sections might be too small to improve the impedance matching effectively. Therefore, the SBL might limit the minimum width of the RWSA.
The above analyses were conducted to investigate the influences of some selected parameters by varying only one selected parameter at a time while holding the others fixed. The results provide the basic guidelines in the antenna design. However, modifying one parameter alters the effects of other parameters on the input impedance. Therefore, the design was cumbersome. After extensive simulations and repeated tuning in measurements, the final optimized dimensions were obtained. Table I lists the initial and final dimensions of the RWSA. The final size of the RWSA is 50 (L) 13 (W) 7 (T) in millimeters, which is acceptable for general wireless devices. The feasibility of reducing the antenna dimensions is analyzed as follows. The antenna length (L) is not critical and it can be slightly reduced. The antenna thickness (T) is mainly determined by the spacing (SP), and the SP is related to the impedance bandwidth. Reducing the SP also alters the usable frequencies. Minimizing the antenna width (W) to a favorable size and still achieving the predetermined impedance bandwidth is the main effort of the antenna design. The value 13 mm includes the length of the CPW that is used to connect an SMA connector. Thus, the antenna width could be further shortened when an RWSA is integrated in a commercial device because no connector is required for this condition. With modern circuit connection techniques, such as flexible printed circuits, an antenna width shorter than 10 mm could be achievable.
III. ANTENNA CHARACTERISTICS

A. Reflection Coefficient
The measured and simulated reflection coefficients of one fabricated RWSA are shown in Fig. 4 . The measured results (in free space) show that the frequency band for 10 dB is from 5.9 to 10.1 GHz (RWSA_measured), which covers the entire design goal (6-10 GHz). The corresponding impedance bandwidth is approximately 52%. When the RWSA is placed on a body, the resonance frequencies are slightly shifted (RWSA_on_body), but the impedance bandwidth is maintained (slightly wider than in free space). These measured results show that the impedance matching of the RWSA is only slightly influenced by the body. This is expected because the antenna element is perpendicular to the body surface when the RWSA is side-mounted. The importance of the reflector is also illustrated by the measured results shown in Fig. 4 . Without a reflector, the measured impedance bandwidth of the RWSA is quite narrow (RWSA_no_reflector). Fig. 4 also shows that the measured and simulated reflection coefficients of the RWSA are matched. The measured impedance bandwidth is slightly wider. This might be because of the conductor loss which was not considered in the simulation.
B. Radiation Pattern
The measured radiation patterns of a fabricated RWSA at 6, 7, 8, 9, and 10 GHz are shown in Fig. 5 . The antenna exhibits directional behavior across the entire frequency band, and its peak gains are high, as shown in Table II . The averaged 3-dB beamwidth of the E-plane and H-plane are approximately 104 and 44 , respectively. It is observed that the patterns at different frequencies are similar. This is important because it implies that if RWSAs are used, the received UWB pulse would suffer less distortion caused by the variations in antenna patterns.
To investigate the influence of a human body on the antenna, the radiation patterns were measured as the RWSA was placed on a rectangular plastic container filled with saline (9 g NaCl per liter). The measured dielectric constant and loss factor of the saline at 8 GHz are 65 and 29, respectively. Fig. 6 presents the measured radiation patterns at 6, 8, and 10 GHz. Because of the limitations of the antenna test system, a saline-filled container was used rather than a human body. However, the shape of the container is invariant and the antenna can be precisely placed. Therefore, a better measurement repeatability and reliable comparison between antennas can be obtained. In the -direction (along the container surface), the gains for all frequencies are not less than 0 dBi. In addition, the gains in the directions blocked by the container are still favorable because of diffraction effect. For example, the gains in the 345 360 directions are higher than 1.5 dBi. These results imply that the antenna could still effectively transmit energy along and around the torso, when the antenna is worn on a body.
IV. ON-BODY MEASUREMENT AND RESULT
A. Path Loss Measurement
In this study, a vector network analyzer (VNA) was used to measure the parameter between two antennas worn on a test person. The test person was asked to keep standing still during the measurements. The measurement frequency range was from 6 to 10 GHz. For achieving better measurement repeatability, each RWSA and its connecting cable were secured with a plastic fixture, as shown in Fig. 7 . As mentioned previously, the antenna element is printed on the inner side of the substrate and, therefore, cannot be seen in Fig. 7 . Around and along the torso measurements were performed in this study. The antenna positions are depicted in Fig. 8 . Regarding the measurements around the torso, measurements were performed at six planes separated by 5 cm along the vertical direction of the torso. For each plane, the transmitting antenna (circle) was placed on the right-hand side of the waist, and the receiving antenna (square) was placed in various positions around the torso. The first position was 10 cm away from the transmitting antenna and the distance increased in an increment of 5 cm for the rest of the positions. The maximum distance between the two antennas was 45 cm; longer than this distance, the receiving antenna approached the transmitting antenna from the other side. For the measurements along the torso, the transmitting antenna was placed near the shoulder in six positions separated by 5 cm. When the transmitting antenna was in one position, the receiving antenna was placed directly below it in various positions. The distance of the first position was also 10 cm and the distance increased in an increment of 5 cm for the rest positions. Twenty five measurements were taken for each position of the receiving antenna (for both the around and along the torso scenarios). To reduce the effect of small body movements during measurements, the averaged value was taken as the path loss in that position. The averaging process can also reduce the influences of the cables. The path loss variation caused by the long cables was evaluated by repeatedly measuring the loss of the two directly connected cables. During the measurements, the cables were placed in various positions to simulate the conditions in real on-body measurements [24] . Based on 1000 measured data, the maximum variation of the loss was 0.5 dB when no averaging was applied and 0.1 dB when the averaging was applied.
To investigate the influence of separation between the antenna and the body on the path loss, the separation was varied by either placing the RWSAs directly on the body (spaced only by a Velcro strip and clothes), or adding a 5-mm (thickness) low dielectric constant plastic between the RWSAs and the body. The measurement arrangements were similar to [11] for convenience of the following comparisons.
The path loss at a distance (from the transmitting antenna) is modeled with [1] PL PL (1) where is the path loss exponent, is the reference distance, and PL is the path loss at the reference distance. The measured path loss is the power loss between the transmitting antenna connector and the receiving antenna connector. Although it is not explicitly expressed in (1), the on-body path loss parameters, derived from the measured results, include the effects of the transmitting and receiving antennas. Therefore, it is a convenient method to evaluate an antenna performance by examining the path loss parameters. Fig. 9(a) shows the results of the around and along the torso measurements in an office. The path loss differences between the results, with (5 mm) and without (0 mm) the plastic, are rather small for both measurement scenarios. These results indicate that the separation has no obvious influence on the path loss. For the around the torso measurement, there is an abrupt increase (breakpoint) of path loss between 0.3 and 0.35 m. This is because the radio propagation is changing from LOS to NLOS. In fitting the path loss curve, LOS and NLOS data were not separated. The reason is because it is unlikely to distinguish them in practical applications. Therefore, the fitted curve may not pass the clusters of points at certain distances. It is obvious that the path loss around the torso is higher than that along the torso. This result is reasonable because the radio propagation is always in LOS condition for the along the torso scenario. To investigate the influence of the environment on the path loss while using RWSAs, around the torso measurements were repeated in an anechoic chamber (AC). The results are compared with those obtained in the office, as shown in Fig. 9(b) . The differences are rather small. This outcome is because the energy transmission between the RWSAs mainly relies on direct and diffracted waves. Reflections are less significant. In addition, no large scatterers were near the antennas during the in-office measurements. As can be seen in Fig. 9(a) and (b) , it is clear that the channel with the RWSAs is not sensitive to the human body and environment.
The path loss parameters extracted from the measurement results are shown in Table III . The parameters in [1] , [11] , and [12] are also listed as references. Comparing the parameters (using RWSAs) with the references, the PL values are improved approximately 25-34 and 22-35 dB for around and along the torso scenarios, respectively. The path loss exponents are also reduced by using the RWSAs.
In this study, the results of [11] and [12] were adopted for comparison because the IEEE document [1] cites their results, and their proposed antenna positions are appropriate for studying the LOS and NLOS on-body propagations. Although the frequency range studied in [11] and [12] is 3-6 GHz, the above comparisons are still meaningful because both measurements were under similar arrangements, such as antenna positions on the body and environmental conditions (in offices). At present, parties may freely choose frequency bands (in UWB) for their applications; therefore, comparisons between different frequency bands are both possible and feasible. The comparisons may be useful for system designers to decide the best frequency band for their products. Table III shows that PL (5 mm) might be slightly higher than PL (0 mm). The difference is not significant. In our experience, this phenomenon is because of the inherent variations in on-body measurements. The results do not indicate that the path loss performance of the channel with the 5-mm plastic is worse than that without the plastic.
B. Path Loss Range Estimation
It is found that the scatterers in the vicinity of the antennas have significantly stronger influences on the on-body channels. On-body channel measurements are often performed in indoor environments (such as offices). However, the types and positions of nearby scatterers vary from place to place so that the influences from the surroundings would not be identical. Therefore, comparisons of antenna performances evaluated in different environments may not be sufficiently accurate. To solve this problem, performing path loss measurements both in an anechoic chamber and in a shielding room are proposed. Anechoic chambers and shielding rooms have similar reflection characteristics among rooms of the same type. The two room types represent two extreme conditions. One provides a minimum reflection environment and the other provides a maximum reflection environment. With the measurement results obtained in the two rooms, the variation range of path loss in real environments can be estimated. Therefore, instead of performing numerous measurements in indoor and outdoor environments, the performance of an antenna can be easily evaluated. Using this approach, antennas developed by different parties could be fairly compared by examining the results measured at their own test facilities. This approach might also have practical uses in system designs. For example, people who wear on-body wireless devices may be in an open area or in an elevator. The system designer generally needs to know the variation range of the received power level. By using this method, design parameters can be easily obtained.
Around the torso measurements were carried out in an anechoic chamber and in a 3 m 1.7 m 2.4 m (height) empty shielding room with side-mounted RWSAs (without plastic). In addition, for comparison, two 50 mm 44 mm planar inverted cone antennas (PICAs) [15] were also used in the measurements. Typically, PICAs are placed parallel to the body in measurement; however, additional measurements in a vertical configuration were also performed to observe the differences (Fig. 10) . Fig. 11 shows the measured results. The differences between using RWSAs and PICAs are clearly seen. When the distance between the RWSAs is short, the direct transmission dominates; and, therefore, the differences of the path loss in the anechoic chamber and shielding room are small. As the distance increases, the reflected waves become significant, and the differences become larger. In comparison with the results shown in Fig. 9(b) , it is obvious that the effect of reflections can be observed in the shielding room but cannot in the office. These results explain why a shielding room must be used in antenna performance evaluation. Fig. 11 also shows that the differences of the path loss with the parallel-to-body PICAs (with 5 mm of plastic) obtained in the two rooms are significantly larger than those with the RWSAs. This is because the transmission between the parallel-to-body PICAs heavily relies on reflected waves. Therefore, environments have stronger influences on the channel. For using the PICAs in both parallel and vertical configurations, the path loss only slightly increases as the distance increases in the shielding room. This phenomenon may be because the path loss primarily depends on the traveled distances of the reflected waves, rather than the antenna separation. Using the vertical-to-body PICAs, the path loss is lower than that using the parallel-to-body PICAs, but higher than that using the RWSAs. It is interesting to find that the measured results of the path loss at 45 cm are close for the three measurements in the shielding room; this may imply that which antenna is used is not critical in a highly reflective environment, if NLOS signals dominate. The maximum distance for using the PICAs in an anechoic chamber is 35 cm because the received power level is near the noise floor of the VNA at a distance of 40 cm.
The differences between the two sets of path loss parameters obtained in the two rooms can be used to evaluate the sensitivities (to the environment) of channels, when employing various antennas. For example, the differences PL with the RWSAs and with the parallel-to-body PICAs are (1.5, 2.5) and (5, 5.6), respectively. With these quantitative parameters, it is easy to select a better antenna to obtain a more stable channel for practical applications.
In addition to the path loss, the time-domain characteristics of wave propagation were also studied using RWSAs and PICAs (parallel to body). Fig. 12 shows the power delay profiles measured in the anechoic chamber and shielding room. The separation of the transmitting and receiving antenna was fixed at 20 cm during the measurements. In Fig. 12 , the vertical axis shows the received power normalized to the power level of the strongest received signal when the RWSAs were used in the shielding room. As expected, the power level of the first signal received using the RWSAs is substantially higher than that received using the PICAs in either environment. In the shielding room, the power levels of the multipath components are markedly higher than those in the anechoic chamber. A threshold is set at 10 dB below the strongest arriving signal. For using the RWSAs in both environments and using the PICAs in the anechoic chamber, no multipath components with power levels higher than the threshold are observed. By contrast, for using the PICAs in the shielding room, the power levels of certain multipath components exceed the first received power level. The maximum excess delay, or the time delay during which the multipath power level falls to 10 dB below the maximum, is 24 ns. Therefore, although the path loss is low when the PICAs are used in the shielding room (Fig. 11) , the multipath components may degrade the quality of on-body communications. In summary, the time-domain measurement results indicate that when the RWSAs are employed, the power level of the first received signal is markedly higher than those of the multipath components; therefore, the multipath effect can be mitigated.
V. CONCLUSION
In this paper, a 6-10-GHz directional RWSA is proposed and investigated. The RWSA is narrow in width and can be mounted on the side of a wireless device. Using the side-mounted RWSAs allows more direct energy transmission between antennas. After a series of on-body channel measurements, the results show that, with the side-mounted RWSAs, the path loss is significantly improved, and the channel is less sensitive to the human body and environment.
Path loss is crucial for most wireless communications. Lower path loss permits higher transmission capacity, better communication quality, and lower power consumption. The RWSA and the side-mounted antenna concept are proved effective in reducing the path loss. It is expected that the results of this study can benefit the development of on-body communications.
The RWSA is a directional antenna. One RWSA cannot cover every direction along the body. However, this problem can be solved with modern multiple-input-multiple-output (MIMO) technology. It is easy to mount a second RWSA on a different side of the device. In fact, the RWSA is also designed for on-body MIMO studies. The on-body communications are expected to gain benefits from the MIMO technology using RWSAs.
techniques for measuring and monitoring electromagnetic (EM) radiations from modern wireless communication systems.
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